Isotype switching is presaged by the transcriptional activation of the heavy chain class gene (C H ) to which recombination will occur. As a result, mRNA or germline transcripts from the unrearranged gene accumulate in the cytoplasm. Previous studies demonstrated that transforming growth factor (TGF)-β stimulated isotype switching to IgA in cultures of lipopolysaccharide (LPS)-stimulated murine B cells and increased the stability of C α mRNAs. The present study demonstrates that LPS-stimulated B cells express a 45 kDa protein, IαBP, that specifically binds to germline α transcripts. Following addition of TGF-β, the binding activity of this protein is significantly reduced. The identification of a cytokine regulable RNA-binding protein that interacts with germline transcripts supports the idea that these transcripts are involved in recombination and raises the possibility that RNA-protein interactions play a role in regulating isotype switching.
Introduction
IgA-expressing B cells are derived from IgM-expressing tion is the appearance of germline transcripts consisting of an exon (I H ) located 5Ј to S H spliced to the first exon of the B cells by heavy chain class or isotype switching. This process, which is responsible for the generation of B cells respective C H (14, (16) (17) (18) (19) (20) (21) (22) (23) . The structure of these transcripts is conserved among both isotypes and species. Several expressing secondary isotypes, brings a specific variable region gene (V H ) proximal to a new heavy chain gene (C H ).
investigators observed that cytokines that stimulate recombination in cell line models for isotype switching increase the Mechanistically, this occurs as a result of a recombination between regions of repetitive sequence or switch regions (S) rate of transcription of the targeted C H (24) (25) (26) . These studies argued in favor of an accessibility model in which transcription located 5Ј to each C H except C δ . The intervening C H are deleted and B cells express the new isotype (1). Clonal was associated with an altered chromatin structure that allowed the participation of a specific S region in recombinaanalysis of antigen-specific B cells suggests that B cells capable of continuous expression of membrane IgM (mIgM) tion (14) . Subsequent studies analyzed the relative roles of germline transcripts versus transcription in vivo using gene are not restricted in their potential to express secondary isotypes (2,3). However, the addition of cytokines to cultures targeting by homologous recombination to generate animals that either lacked I H or replaced I H with a promoter (27) (28) (29) (30) . of polyclonally activated B cells alters the pattern of isotype expression. For example, IL-4, IFN-γ and transforming growth
In the absence of both I H and apparent transcription, isotype switching to the associated C H does not occur (27) . Nonethefactor (TGF)-β have been shown to stimulate isotype switching to IgE and IgG1 (4-6), IgG2a and IgG3 (7,8), and IgA (9-12) less, the relative roles of transcription and germline transcripts remain controversial. Although some studies indicated that respectively. Thus, isotype switching appears to be a directed, not a random process. transcription leads to recombination albeit at a suboptimal level (28) , other studies observed that the generation of Although there is considerable evidence that transcriptional activation of the involved C H is a prerequisite for recombination 'switch' or germline transcripts was required for recombination to occur (29) . These studies argue that accessibility alone is (13-15), the precise mechanism for targeting switch recombination is unclear. One consequence of transcriptional activainsufficient for optimal targeting of recombination and indicate that either the transcripts themselves or processing of germElectrophoretic mobility shift assay (EMSA) line transcript pre-mRNA play a role in the recombination A HindIII-MscI fragment from SXα1 (16) containing the first mechanism.
75 bp of I α was cloned into pBS (Stratagene, La Jolla, CA).
Cultures of lipopolysaccharide (LPS)-stimulated B cells
Radiolabeled cRNA probe was prepared from linearized provide a model system for analyzing the mechanism of templates using T3 polymerase, 50 µCi [α-32 P]UTP, 800 cytokine action in switch recombination. The addition of TGFCi/mmol (NEN, Boston, MA), 0.04 mM UTP and 0.4 mM of β to these cultures increases both isotype switching to C α the three unlabeled nucleotides. The sp. act. of cRNAs for and the steady-state level of germline α transcripts (9,16). The EMSA was 0.01-0.1 ng/10,000 c.p.m. Radiolabeled cRNA TGF-β induced increase in germline α mRNA accumulation in was purified on a 5% polyacrylamide gel essentially as these cultures was associated with an increase in the halfdescribed (36) . Binding reactions were performed in 10-20 life of C α -containing mRNAs, but it was not associated with a µl for 15-30 min on ice. The binding reaction contained 10-concomitant increase in the rate of transcription (31) . The 20 µg of cytoplasmic extract, 5 ng/ml tRNA, 40 U RNasin, observation that TGF-β stimulates recombination in a popula-20,000-40,000 c.p.m. cRNA, 5% glycerol, 10 mM HEPES (pH tion of cells in which C α was already transcriptionally active 7.6), 3 mM MgCl 2 and 1 mM EDTA. Heparin (5 mg/ml), which supported other studies, which suggested that TGF-β acts is negatively charged, and/or RNase T1 (1 U), which cleaves as a second signal to stimulate recombination in a population single-stranded RNA at rGTP, were added sequentially as that is already committed to IgA expression (32) . The present described to inhibit non-specific protein-RNA and RNA-RNA study demonstrates that TGF-β decreases the activity of a interactions respectively (37). The samples were analyzed on protein which specifically interacts with germline α transcripts a 5% polyacrylamide gel (60:1 bis-acrylamide) run in a lowraising the possibility that RNA-protein interactions participate ionic strength buffer (45 mM Tris-borate, pH 8.3, 1 mM EDTA) in the process of isotype switch recombination.
at 350 V for 2 h. The gels were dried and visualized using either autoradiography or a Molecular Devices (Sunnyvale, CA) PhosphorImager. For cold competition assays cRNAs Methods were prepared and purified analogously to radiolabeled cRNAs. A non-specific 85 nucleotide competitor RNA was Animals prepared from pBluescriptSK (Stratagene) that was digested Either male or female BALB/c mice were purchased from with HindIII and transcribed with T3 polymerase. The first and Charles River (Wilmington, MA). Age-and sex-matched mice second halves of I α were amplified from pBSXα. The 5Ј were used between 6 and 10 weeks of age.
primers were nucleotides 1-15 and 32-45 with a HindIII site added, and the 3Ј primers were nucleotides 41-26 and 75-Cell culture 60 with an EcoRI site added. The amplified fragments were B cells were isolated from spleens and cultured as previously ligated into pBluescript in lieu of the multiple cloning site. described (33). Briefly, to prepare T-depleted populations,
Complete replacement of the multiple cloning site with nucleotsingle-cell suspensions were treated with anti-Thy-1 mAb ides 1-75 (Iα), 1-41 (Iα1) or 32-75 (Iα2) ensured that the (30H12) (34) and Low-Tox rabbit complement (Accurate, resulting cRNAs contained a minimal number of vectorSan Diego, CA) followed by centrifugation on Histopaque derived nucleotides. All PCR-amplified fragments were (d ϭ 1.119; Sigma, St Louis, MO). B cells were cultured at sequenced to ensure fidelity. The concentration of gel-purified, 1ϫ10 6 cells/ml in complete medium (RPMI 1640 suppleunlabeled cRNAs was determined spectrophotometrically, mented with 10% FCS, 2 mM L-glutamine, penicillin, streptowhereas the concentration of radiolabeled cRNAs was calcumycin and 50 µM 2-mercaptoethanol). LPS from Salmonella lated from the incorporation of radionucleotide. typhosa (Sigma) was used at 8 µg/ml and TGF-β (R&D Systems, Minneapolis, MN) was used at 1 ng/ml. The optimal UV cross-linking/protein characterization dose of TGF-β was determined by assaying day 7 culture Gel-purified 32 P-labeled cRNAs and cytoplasmic extracts supernatants for IgA secretion using a previously described were incubated as described for EMSA. The binding reactions ELISA (5).
were transferred to the lids of microcentrifuge tubes on ice and subjected to UV irradiation for 5Ј in a Stratalinker Cytoplasmic extract preparation (Stratagene) . The samples were treated with 10 U RNase T1 Cytoplasmic extracts were prepared essentially as described and 10 U RNase One (Promega) for 30 min at 37°C. The (35) . Briefly, cells were harvested, washed once in HBSS and samples were denatured in loading buffer and analyzed by resuspended at 0.5-1ϫ10 8 cells/ml in lysis buffer (10 mM SDS-PAGE as described (38) . Tris-HCl, pH 7.4, 3 mM CaCl 2 , 5 mM MgCl 2 , 0.1% NP-40). Cells were lysed in a dounce homogenizer by five strokes Results with a type B pestle and centrifuged. The resulting supernatant was centrifuged at 100,000 g for 60 min minutes and dialyzed TGF-β decreases the level of a germline α mRNA binding factor for 5-8 h against a buffer containing 20 mM HEPES (pH 7.9), 0.1 M KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM Previous studies demonstrated that TGF-β increased the stability of α mRNA in LPS-stimulated B cell cultures. However, phenylmethylsulfonyl fluoride and 20% glycerol. Protein concentration was determined using a colorimetric assay (BioRad, the low level of germline transcripts in cultures stimulated with LPS alone prevents direct assessment of the effect of TGF-β on Hercules, CA). Cytoplasmic extracts were aliquoted and stored at -80°C.
germline α mRNA stability (31) . Since the relative levels of mRNA in several systems have been associated with changes Characterization of the I α binding activity in mRNA binding proteins that appear to regulate mRNA To determine if the I α binding factor was a protein, the binding stability (37,39-41), TGF-β could act to alter the level of proreaction was treated with proteinase K. Figure 3 (A) demontein(s) that interact with germline α transcripts. To address this strates that treatment with proteinase K eliminates the shifted possibility, EMSA were performed using a radiolabeled cRNA band, but does not affect the radiolabeled cRNA probe. To containing the first 75 nucleotides of the 125 bp I α exon (Fig. determine if the RNA-protein interaction was specific for I α 1). There are two forms of germline α transcripts which differ in sequence or structure, the ability of a random cRNA or the the location of the 5Ј splice site (Fig. 1A) . The 1.3 kb germline highly structured tRNA to compete for binding was assessed. transcript which contains only the first 125 bp of I α predominUnlabeled I α cRNA, but neither tRNA nor a random cRNA of ates in normal B cells (16). Cytoplasmic extracts from B cells similar size competed for protein binding, suggesting that the stimulated for 2 days with either LPS alone or with TGF-β were shifted band is the result of a specific RNA-protein interaction incubated with the Iα probe in the presence of either heparin (Fig. 3B) . The faster mobility, RNase T1-sensitive complex was alone or with RNase T1 to inhibit non-specific RNA-protein or comparably competed, suggesting that there are either mul-RNA-RNA interactions respectively (37). Two shifted bands tiple RNA-protein interactions or different multimers of the same were detected in binding reactions containing extracts from B protein that bind with different affinity. To both clarify this issue cells stimulated with LPS only (Fig. 2) . The band with faster and confirm the specificity of the RNA-protein interaction, I α mobility was inconsistently resolved and was not detected cRNAs containing either nucleotides 1-41 (Iα1) or nucleotides when binding reactions were performed in the presence of 32-75 (Iα2) were prepared (Fig. 4 ). An RNase T1-resistant both RNase T1 and heparin. The addition of TGF-β to cultures complex was detected in binding reactions containing Iα2, but resulted in a significant decrease in the quantity of the activity not in binding reactions containing Iα1 (Fig. 5) . It should be causing the shifted bands such that in approximately half the noted that it was not possible to resolve two complexes in experiments it was not possible to detect any binding activity binding reactions containing Iα2, suggesting that the faster, RNase T1-sensitive complex may be related to RNA structure. in extracts from cells cultured in the presence of TGF-β.
Binding reactions were subjected to UV irradiation which generates covalent cross-links between RNA bases and associated protein (42) . Following digestion with RNases, the protein(s) contacting the cRNA were analyzed by SDS-PAGE. A single,~45 kDa protein was detected in binding reactions containing cytoplasmic extract from LPS-stimulated B cells (Fig. 7A) . The level of this protein, IαBP, was significantly reduced in extracts from cultures containing both LPS and TGF-β indicating that this protein is responsible for the complex(es) detected by EMSA. Furthermore, the addition of unlabeled Iα to binding reactions inhibits detection of the 45 kDa protein (Fig. 7B) .
Discussion
The identification of cytokines that influence the pattern of secreted isotypes both in vivo and in vitro established the concept that isotype switch recombination is a directed and not a random process (reviewed in 43). However, despite considerable effort, the precise mechanism for cytokine targeting of e.g. IL-4, TGF-β appears to be a second signal that acts to cause cells that are already committed to IgA expression to undergo recombination (31, 32) . Although C α is transcriptionally active in LPS-stimulated B cells, the germline transcripts that presage isotype switch recombination are usually not detectable. The addition of TGF-β to these cultures both increases the steady-state level of germline α transcripts and stimulates recombination (10). This increase in germline α accumulation appears to involve both transcriptional (25) and post-transcriptional mechanisms (31) . The present study demonstrates that TGF-β-induced isotype switching is associated with a decrease in the binding activity of a protein that interacts with germline α transcripts.
IαBP was initially identified in cytoplasmic extracts from LPS-stimulated B cells using EMSA. These assays revealed a strong shifted band that was resistant to both incubation with heparin alone which inhibits non-specific protein-RNA present in cytoplasmic extracts from mIgM ϩ , mIgA -B cell lines, but it has not been possible to detect significant levels of IαBP in freshly isolated splenic B cells. The observation that both bands were comparably competed To ensure that the complex(es) resulted from a specific interaction between the I α binding protein (IαBP) and nucleotides raised the possibilities that either there are multiple TGF-β regulable germline α transcript binding proteins in activated 32-75, the ability of the different fragments to compete with Iα for binding was determined. Iα2, but not Iα1, effectively B cells or different multimers of the same protein are capable of binding albeit with different affinities. However, competed for protein binding to Iα (Fig. 6) . subsequent mapping studies demonstrated that a single Iα binding is associated with a 45 kDa protein complex is associated with nucleotides 32-75 of Iα. Coupled with the RNase T1 sensitivity of the second complex, the To determine if multiple proteins were directly interacting with I α , UV cross-linking and label transfer analysis was performed.
data suggests that the formation of this complex may demonstrates that in both complexes the same polypeptide contacts I α raising the alternative possibility that a single polypeptide forms multimers with different affinities of and/ or structural requirements for binding. The role of transcription without the concomitant generation of germline transcripts has been investigated in recombination to C ε (28), C γ 1 (29) and C α (30) with ambiguous results. Initially, I ε was replaced with an E µ enhancer/V H promoter cassette (28) . LPS-stimulated B cells from these mice had high levels of transcription through S ε , but the level of switch recombination was 10-to 100-fold less than in B cells from normal mice that were stimulated with LPS active S γ 1 was inert to recombination (29) . In order for recombination to C γ 1 to occur, it was necessary to generate a germline or 'switch' transcript (29) . In a third example, I α was replaced with the human hypoxanthine phosphodepend on RNA-RNA interactions that occur in the larger Iα probe. Analysis of the potential structures formed by Iα, ribosyltransferase gene oriented in the same direction of transcription as C α (30) . The assumption in this latter study Iα1 and Iα2 supports this possibility. 
